Abstract Activation of b-adrenergic receptors (b-AR) drives proangiogenic factor production in several types of cancers. To examine b-AR regulation of breast cancer pathogenesis, b-AR density, signaling capacity, and functional responses to b-AR stimulation were studied in four human breast adenocarcinoma cell lines. b-AR density ranged from very low in MCF7 and MB-361 to very high in MB-231 and in a brain-seeking variant of MB-231, MB-231BR. Consistent with b-AR density, b-AR activation elevated cAMP in MCF7 and MB-361 much less than in MB-231 and MB-231BR. Functionally, b-AR stimulation did not markedly alter vascular endothelial growth factor (VEGF) production by MCF7 or MB-361. In the two high b-AR-expressing cell lines MB-231 and MB-231BR, b-AR-induced cAMP and VEGF production differed considerably, despite similar b-AR density. The b 2 -ARselective agonist terbutaline and the endogenous neurotransmitter norepinephrine decreased VEGF production by MB-231, but increased VEGF production by MB-231BR. Moreover, b 2 -AR activation increased IL-6 production by both MB-231 and MB-231BR. These functional alterations were driven by elevated cAMP, as direct activation of adenylate cyclase by forskolin elicited similar alterations in VEGF and IL-6 production. The protein kinase A antagonist KT5720 prevented b-AR-induced alterations in MB-231 and MB-231BR
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Introduction
Sympathetic nervous system activation and release of the neurotransmitters norepinephrine (NE) and epinephrine (EPI) can promote solid tumor growth and metastases by activating b-adrenergic receptors (b-AR) expressed by tumor cells or host stromal cells [1] [2] [3] [4] [5] . b-AR are G s -protein coupled receptors that activate adenylate cyclase to elevate intracellular 3 0 ,5 0 -cyclic adenosine monophosphate (cAMP) and activate protein kinase A (PKA), leading to down-stream alterations in gene expression that regulate a variety of cellular functions. More recently, b-AR-activated effector molecules have been identified that diverge from the classical cAMP-PKA pathway [6] [7] [8] .
Direct stimulation of b-AR expressed by tumor cells may play an important role in tumor pathogenesis. For example, exposure to a chronic stressor promoted in vivo angiogenesis and production of vascular endothelial growth factor (VEGF), a key proangiogenic protein. This effect was eliminated by silencing ovarian tumor cell b-AR expression, implicating tumor cell b-AR expression and signaling as an important facilitator of stress-induced tumor angiogenesis in vivo [1] . In vitro studies using tumor cell lines suggest that NE can promote tumor progression by a b-AR-driven proangiogenic pathway, featuring increased production of VEGF, interleukin-6 (IL-6), and matrix metalloproteinases. This pathway has been demonstrated in multiple tumor types and in normal cells [4, [9] [10] [11] [12] [13] . The direct impact of b-AR stimulation of breast tumor cells has not been well characterized, despite the potential for b-AR facilitation of angiogenic and metastatic pathways.
Here, we characterize b-AR expression and signaling capacity in a panel of human breast cancer cell lines and determine the impact of b-AR signaling on production of two proteins that drive tumor angiogenesis, VEGF and IL-6. The results suggest that heterogeneity in b-AR expression and function in breast cancer cells needs to be taken into account when considering b-blockade as a therapeutic strategy to inhibit tumor growth and/or angiogenesis in breast cancer.
Materials and methods

Cell lines
Human breast adenocarcinoma cell lines MDA-MB-231 (MB-231), MDA-MB-361 (MB-361), and MCF7 were purchased from American Tissue Type Collection (Manassas, VA). MDA-MB-231BR (MB-231BR), a brain-seeking variant of MB-231, was obtained from Dr. T. Yoneda (University of Texas Health Science Center, San Antonio, TX) [14] . All cell lines were employed experimentally within 3 months of acquiring and/or thawing and were regularly tested for the absence of mycoplasma contamination. All cell lines were grown in Dulbecco's Modified Essential Medium (DMEM) containing 4.5 g/l glucose, L-glutamine, penicillin/streptomycin and 10% fetal calf serum (FCS). All cells were grown in T75 tissue culture flasks (Corning Inc., Corning, NY) to no greater than 70-80% confluence. 
Reagents
b-AR radioligand binding assay
The specific binding of 125 ICYP to whole cells was used to quantify b-AR expression [15] . Tumor cells (1 9 10 6 ) resuspended in HBSS were incubated with varying concentrations of 125 ICYP with or without the unlabeled b-AR-antagonist CGP-12177 (1 lM) in duplicate tubes. Incubations were carried out for 60 min in a shaking water bath at 37°C, sufficient time for equilibrium binding to occur. Following incubation, 3 ml of ice-cold hypotonic phosphate buffer (3.8 mM KH 2 O 4 , 16.2 mM Na 2 HPO 4 , and 4 mM MgSO 4 ) was added to each tube for 10 min. The reaction mixtures were filtered under reduced pressure through Whatman glass fiber filters using an automatic harvester (Brandel Corp., Gaithersburg, MD). Filters were rinsed with 16 ml of ice-cold Tris-EGTA buffer to remove unbound radioligand, and radioactivity was determined in a LKB Clinigamma gamma counter. Specific binding is defined as the difference between binding of the radioligand at each concentration in the absence and in the presence of 1 lM CGP-12177 and was calculated for each ligand concentration using the specific activity of the radioligand. Specific 125 ICYP (M) bound versus the amount of ligand added was plotted, and the maximal number of binding sites (B max ) and receptor affinity (K d ) was determined using non-linear regression analysis (GraphPad Prism software, San Diego, CA). The maximal number of binding sites per cell is calculated from the B max based on simple stoichiometric assumptions (one molecule binds to one receptor site).
cAMP assay Tumor cells (1 9 10 6 ) were incubated for 20 min at 37°C in a shaking water bath in HBSS containing 0.1% bovine serum albumin (BSA) and 100 lM isobutylmethylxanthine (IBMX), a phosphodiesterase inhibitor (HBSS/BSA/IBMX buffer). ISO, forskolin, or buffer alone was added to each tube, and the cells were incubated for 5-60 min at 37°C (final volume = 1 ml). To stop the reaction, 2 ml ice-cold HBSS/BSA/IBMX buffer was added to each tube. The cells were centrifuged two times for 10 min at 2009g and then resuspended in 19 Cell Lysis Buffer, provided in the cAMP ELISA kit. After subjecting the cells to freezing at -20°C, followed by boiling for 10 min in a 95°C heat block and repeating the sequence, the cells were centrifuged at 6009g at 4°C for 10 min to remove cellular debris. Supernatants were collected and stored at -80°C until analysis of cAMP content using the cAMP Parameter ELISA kit from R&D Systems (Minneapolis, MN) following the manufacturer's instructions. Absorption was measured at 450 nm using a multiwell plate reader (Synergy HT, Biotek Instruments Inc, Winooski, VT). Curve fitting and sample concentration calculations were conducted with Gen5 software (Biotek).
VEGF and IL-6 production in vitro Tumor cells were resuspended in Advanced DMEM containing 1% FCS, penicillin/streptomycin, and L-glutamax (Invitrogen). Cells were plated in duplicate at 5 9 10 4 cells per well in 24-well flat bottom tissue culture plates (Falcon, Becton-Dickinson, Franklin Lakes, NJ). At this concentration, tumor cells reached confluence by 96 h in culture. Cells were cultured at 37°C in a 5% CO 2 humidified atmosphere and were allowed to adhere for 3 h before addition of adrenergic agonists or antagonists. The b 2 -selective blocker ICI 118,551 or the PKA inhibitor KT 5720 was added 30 min prior to b-AR agonists. VEGF or IL-6 concentration in cell-free supernatants was measured using human-specific VEGF or IL-6 Quantikine kits (R&D Systems) according to the manufacturer's instructions. Absorption was measured at 450 nm using a multiwell plate reader. Curve fitting and sample concentration calculations were conducted with Gen5 software.
Cellular proliferation in vitro
Tumor cells were resuspended in Advanced DMEM containing 1% FCS, penicillin/streptomycin, and L-glutamax (Invitrogen) and plated at 1-2 9 10 4 cells per well in 96-well flat bottom tissue culture plates (Falcon, BectonDickinson) in triplicate, and allowed to adhere for 3 h at 37°C in a 5% CO 2 humidified atmosphere before addition of adrenergic agonists or antagonists. For blocking experiments, antagonists were added 30 min prior to addition of agonists. Proliferation was measured using a fluorescent DNA binding dye (CyQuant NF Proliferation Assay kit, Invitrogen) according to manufacturer's instructions. Fluorescent intensity was measured at excitation 490 nm and emission 520 nm using a multiwell plate reader equipped with the appropriate filters. Background fluorescence (in the absence of cells) was subtracted automatically from each well.
Statistical analysis
Statistically significant differences between groups were determined by analysis of variance (ANOVA) using GraphPad Prism software. Initially, two-way ANOVAs were conducted with experimental repetition and drug treatment as a variable. If experimental repetitions were not significantly different, the raw values or values normalized to medium alone were combined for further ANOVA. When experimental repetitions were significantly different from each other, individual experimental repetitions were analyzed separately with concentrations obtained from individual experimental repetitions. In experiments with time in culture as a factor, highly significant (P \ 0.0001) effects of time in culture were observed. The results reported were analyzed at each time point by one-way ANOVA. When a significant main effect of drug treatment was identified (P \ 0.05), Newman-Keuls post hoc test to compare between groups with P \ 0.05 considered significant.
Results
b-AR expression and signaling capacity varies between breast adenocarcinoma cell lines
b-AR expression was measured in four human breast adenocarcinoma cell lines. MB-231 represents the metastatic, aggressive ''triple-negative'' phenotype and lacks expression of estrogen receptor-alpha (ER-a) and other hormone receptors [16] . MB-231BR, a variant of MB-231, metastasizes exclusively to the mouse brain [14] . MCF7 is less aggressive and is non-metastatic in mice. MB-361 was isolated from a human brain metastasis [16] . Standard radioligand binding was used to quantify b-AR cell surface density. Specific binding of the b-AR antagonist 125 ICYP in each cell line is shown in Fig. 1a . The number of binding sites, calculated as described in ''Materials and methods'' section, ranged from approximately 150-300 sites per cell in MB-361 and MCF7 to *11,000 to 14,000 sites per cell in MB-231 and MB-231BR (Table 1) . High-affinity binding of ICYP (K d ) was observed, ranging from 1 9 10 -11 to 9 9 10 -11 M in all cell lines (Table 1) cAMP. The reaction was conducted in the presence of the phosphodiesterase inhibitor IBMX to prevent hydrolysis of cAMP and to minimize the possibility that potential variation in phosphodiesterase activity contributed to differences in b-AR-induced intracellular cAMP. cAMP accumulation was measured after 5 min incubation with 10 -4 M isoproterenol (ISO), a non-selective b-AR agonist (Fig. 1b) . MB-231 and MB-231BR produced much more cAMP relative to the moderate responses by MB-361 and MCF7, as predicted by b-AR expression. Moreover, the magnitude of the cAMP response was approximately 2.5-fold higher in MB-231 compared to MB-231BR, despite the fact that MB-231 and MB-231BR expressed equivalent numbers of b-AR per cell. Non-stimulated, basal cAMP levels were near the level of detection of the ELISA (1 pmol/ml) in MB-231BR and MB-361, but were somewhat elevated (5 pmol/ml) in MB-231 and MCF7 (Fig. 1b) .
To determine if the differences in the b-AR-induced cAMP response between MB-231 and MB-231BR reflected altered kinetics, intracellular cAMP was measured in MB-231 and MB-231BR with varying concentrations of ISO at 5, 20, and 60 min. The cAMP response of the low b-AR-expressing cell line MB-361 was included for comparison. In MB-231BR, a rapid rise and decline in intracellular cAMP was observed at all ISO concentrations (C0.1 lM) tested within the 60-min time period (Fig. 2a) . Similarly, in MB-361, in response to high concentrations of ISO, cAMP rose rapidly and declined to near baseline by 60 min (Fig. 2b) . In marked contrast, in MB-231, b-AR-induced cAMP remained elevated throughout the 60-min time period at all ISO concentrations tested (Fig. 2c) . The functional implications of these differences in b-AR signaling capacity were next investigated in vitro.
b-AR stimulation and VEGF production
Several reports have demonstrated that b-AR activation of a variety of tumor cells in vitro increased VEGF [4, 10, 13] . Therefore, we predicted that b-AR stimulation would increase constitutive VEGF production by the breast cancer cell lines, and the magnitude of the response would reflect the magnitude of the b-AR-induced cAMP response. The b 2 -AR-selective agonist terbutaline (TERB) (C0.1 lM) (Fig. 3a) and ISO (data not shown) increased VEGF production by MB-231BR at 48 and 72 h in culture. In contrast, b-AR stimulation with C0.1 lM TERB (Fig. 3b) and ISO (data not shown) inhibited VEGF production by MB-231. The highest concentration of ISO tested (10 lM) slightly increased production of VEGF by MCF7 (Fig. 3c ) and did not alter VEGF production by MB-361 (Fig. 3d) . NE, an endogenous AR ligand, has mixed affinity for both b-AR and a-AR. NE increased VEGF production by MB-231BR at 48 and 72 h in culture (Fig. 4a) . The NEinduced effect in MB-231BR was completely blocked by the b 2 -selective blocker ICI 118,551 (ICI) (Fig. 4b) . In contrast, NE inhibited VEGF production by MB-231 (Fig. 4c) , and the NE-induced inhibition was completely blocked by an equimolar concentration of ICI (Fig. 4d) . The effectiveness of low concentrations of the b 2 -AR selective agonist TERB and the ability of the b 2 -AR selective blocker to block NE-induced effects indicate that b 2 -AR activation elicits opposite effects on VEGF production by MB-231 and MB-231BR.
b-AR-induced IL-6 production
To further investigate this divergent response, we next determined whether other tumor-produced cytokines are similarly altered by b-AR stimulation. IL-6 is a multifunctional, proinflammatory cytokine that has been implicated in tumor progression and metastasis [17, 18] . Under our low serum culture conditions, constitutive production of IL-6 is detectable in MB-231 and MB-231BR, but not by MCF7 or MB-361 (data not shown). b 2 -AR activation with TERB increased IL-6 production in MB-231BR (Fig. 5a ) and MB-231 (Fig. 5d ) at 48 and 72 h in culture. Moreover, the magnitude of the TERB response was greater in MB-231 compared to MB-231BR (at 72 h, 10 lM TERB compared to 0 drug, *59 versus *39, respectively). NE also increased IL-6 in both MB-231 BR and MB-231, but at higher concentrations compared to TERB (Fig. 5b, e) . ICI completely prevented the response to NE in MB-231BR (Fig. 5c ) and in MB-231 (Fig. 5f ). These results indicate that b 2 -AR activation increases IL-6 production by MB-231 and MB-231BR.
b-AR stimulation and Cellular Proliferation
To determine if the b-AR-induced alterations in VEGF and IL-6 production are a function of altered cell number, we measured proliferation using a fluorescent DNA binding dye. ISO did not alter proliferation at any time point. Figure 6 shows the normalized results at 72 h in culture by MB-231BR (Fig. 6a) or MB-231 (Fig. 6b) . Regulation of VEGF and IL-6 production by the adenylate cyclase-cAMP-PKA pathway
MB-231BR
MB-231
We next tested the role of effectors involved in the classical b-AR-adenylate cyclase-cAMP pathway in the b-ARmediated VEGF and IL-6 responses. Forskolin directly activates adenylate cyclase to elevate cAMP independently of b-AR. In MB-231BR, forskolin (0.1 and 1 lM) increased VEGF production, but at 10 lM, forskolininduced VEGF production was attenuated at 48 h and eliminated at 72 h in culture (Fig. 7a) . In MB-231, VEGF production was reduced at 48 h (data not shown) and at 72 h (Fig. 7c) . In contrast, IL-6 production was increased by forskolin at 48 h (data not shown) and at 72 h in culture in both MB-231BR (Fig. 7b ) and MB-231 (Fig. 7d) . These forskolin-induced alterations in VEGF and IL-6 production are similar qualitatively to those elicited by b-AR stimulation in both cell lines. To determine if cAMP activation of PKA plays a role in the b-AR-induced responses in MB-231 and MB-231BR, PKA activity was inhibited by KT 5720, a blocker with high specificity for PKA. KT 5720 (1 lM) completely blocked TERB-induced alterations in VEGF production by MB-231BR (Fig. 8a) and by MB-231 (Fig. 8b) . We noted that PKA blockade in the absence of b-AR stimulation slightly inhibited constitutive VEGF production by MB-231BR (Fig. 8a) . These results demonstrate a role for b-AR-induced PKA activation in MB-231 and MB-231BR VEGF production.
In terms of IL-6 production, KT 5720 did not alter the b-AR-induced increase in IL-6 production by MB-231BR in response to low or high concentrations of TERB (Fig. 9a, b) . In MB-231, KT 5720 (B5 lM) alone increased IL-6 production (Fig. 9c) , suggesting that constitutively activated PKA in MB-231 inhibits IL-6 production. In the presence of TERB, increasing concentrations of KT 5720 did not block the response to 0.1 or 1 lM TERB, but instead augmented the TERB-induced increase in IL-6 production by MB-231 (Fig. 9c) , the magnitude being similar to the KT 5720-induced enhancement in the absence of TERB. These results suggest that the b-AR-induced increase in IL-6 production is not dependent on PKA activation. Furthermore, it appears that constitutive PKA activation in MB-231 dampens IL-6 production.
Together, these results demonstrate that b-AR-induced alterations in constitutive production of VEGF, but not IL-6, are dependent on PKA activation.
Discussion
Despite the evidence that b-AR expressed by breast, ovarian, and other tumor cell types can modulate tumor growth and metastasis, few reports have evaluated the connection between tumor cell b-AR expression, signaling capacity, and functional capacity in breast cancer. In two human breast adenocarcinoma cell lines (MCF7 and MB-361) with low b-AR expression and signaling capacity, b-AR stimulation elicited little or no change in production of VEGF, a key driver of tumor angiogenesis. In MB-231, a model of aggressive breast cancer, we confirmed high b-AR density [19] and also demonstrated that MB-231BR, a variant of MB-231, retained high b-AR expression. However, the b-AR-induced cAMP response by MB-231 was greater and prolonged compared to MB-231BR. Functionally, b-AR stimulation elicited directionally opposite changes in VEGF production in MB-231 and MB-231BR, while production of IL-6 was increased by b-AR stimulation in both breast cancer cell lines. Elevating cAMP independently of b-AR elicited alterations in VEGF and IL-6 production that mimic the respective responses to b-AR, indicating that cAMP is a key mediator of the functional responses produced by b-AR stimulation. Finally, in MB-231 and MB-231BR, PKA activation was necessary for b-AR-induced alterations in VEGF, but not IL-6 production, indicating that b-AR in MB-231 and MB-231BR regulates VEGF and IL-6 production through divergent pathways with cAMP as a central mediator. These results imply that the impact of direct tumor cell b-AR stimulation, or its antagonism, will vary considerably from individual to individual, depending on tumor cell b-AR density and signaling capacity.
Heterogeneity of b-AR signaling capacity
In all four human breast cancer cell lines, the peak b-ARinduced cAMP response generally reflected b-AR density, demonstrating coupling between b-AR, Gs, and adenylate cyclase. Furthermore, MB-231BR and MB-361 displayed typical b-AR desensitization, with a rapid peak and decline in cAMP production upon exposure to ISO. In MB-231, however, the magnitude and prolonged duration of b-ARinduced cAMP is evidence of impaired b-AR feedback mechanisms. We measured cAMP induction in the presence of the phosphodiesterase inhibitor IBMX, eliminating the possibility that differences in phosphodiesterase expression may contribute to differences in cAMP response kinetics. Preliminary evidence from our laboratory points to impaired ligand-induced b-AR desensitization in MB-231 (data not shown). The prolonged cAMP response in MB-231 compared to MB-231BR has profound functional significance, as discussed below.
b-AR-induced alterations in VEGF production are dependent on b-AR density, cAMP, and PKA activation
In the four breast cancer cell lines, high b-AR density predicted b-AR-induced alterations, but not directionality, in VEGF production. In the high b-AR-expressing cell lines, MB-231 and MB-231BR, we demonstrated that the opposing effects of b-AR activation were mediated by the same adrenergic receptor subtype, the b 2 -AR. One possible explanation for the differences in the b-AR-induced VEGF responses is divergence from the classical adenylate cyclase-cAMP-PKA pathway as has been described in other cells [6] [7] [8] . However, the b-AR-induced alterations in VEGF were mimicked by cAMP elevation and required PKA, implying that effectors downstream of PKA lead to the differential b-AR regulation of VEGF in MB-231 and MB-231BR. Our working hypothesis is that PKA can phosphorylate multiple substrates with the capacity to either facilitate or inhibit VEGF production in breast cancer cells. The forskolin response in MB-231BR provides evidence for cAMPmediated fine-tuning of VEGF production, with attenuation of forskolin-induced VEGF production at high-forskolin concentrations (Fig. 7a) . Note, however, that such an inhibitory mechanism does not appear to be active with high concentrations of TERB in MB-231BR, perhaps due to the ability of MB-231BR to rapidly down regulate b-ARinduced cAMP production (Fig. 2a) . We speculate that the cAMP inhibitory pathway in MB-231 predominates due to the inability to down regulate b-AR-induced cAMP production. Elucidation of the molecular pathways involved in fine-tuning VEGF synthesis by breast tumor cells specifically identification of PKA substrates responsible for regulating VEGF in MB-231 and MB-231BR may yield new therapeutic targets to inhibit tumor cell VEGF production and subsequent tumor angiogenesis. This is particularly important for aggressive breast cancer phenotypes, such as the ''triple negative'' phenotype that MB-231 models, for which effective therapies are limited.
It is interesting to speculate that the capacity for b-AR stimulation to elevate VEGF production by MB-231BR may have contributed to the selection pressure that produced this brain-seeking variant of MB-231. However, MB-361, isolated from a human brain metastasis, exhibits very low b-AR expression, a correspondingly low cAMP response to b-AR stimulation, and no change in VEGF production with b-AR stimulation. Therefore, it is apparent that b-AR-induced VEGF production observed in MB-231BR is not a general feature of breast adenocarcinomas isolated from the brain. However, since both MB-231 and MB-231BR express high levels of b-AR and are metastatic in mice, activation of high-density b-AR expressed by breast cancer cells may represent a mechanism to promote metastasis to secondary sites in breast cancer.
b-AR-induced IL-6 production in MB-231 and MB-231BR is dependent on cAMP, but independent of PKA activation IL-6 has been shown to participate in the epithelial-mesenchymal transition in human breast cancer cells and is associated with advanced breast tumor stage and poor prognosis [17, 18, 20, 21] . b-AR-induced IL-6 production has been observed in a variety of normal cell types [8, 22] and tumor cell types [10, 23, 24] , even in the absence of a pro-inflammatory stimulus [6] . IL-6 production by MB-361 and MCF7 was undetectable under our culture conditions, and b-AR stimulation did not induce IL-6 production in these cell lines (data not shown). MB-231 and MB-231BR produce detectable IL-6. Its production in both cell lines is elevated by b 2 -AR stimulation, and the effect is mimicked by a non-bAR-induced elevation of cAMP, similar to VEGF. However, unlike VEGF, PKA inhibition did not significantly block b-AR-induced IL-6 production, indicative of a largely PKA-independent response to b-AR stimulation. The cAMP pathway driving IL-6 production also appears to lack an inhibitory component in response to high-cAMP concentrations, unlike VEGF [for example, compare the forskolin-induced IL-6 response to VEGF in MB-231BR (Fig. 7a vs. b) ]. These results are indicative of a divergence in the b-AR-induced pathway immediately downstream of cAMP.
We also noted that in the absence of b-AR stimulation, PKA inhibition increased IL-6 production in MB-231, but not in MB-231BR (Fig. 9) , suggesting that constitutive PKA activation in MB-231 may inhibit IL-6 production. A low level of constitutive PKA activation is consistent with the elevated basal cAMP detected in MB-231 (Fig. 1b) . Understanding the intracellular pathway underlying the IL-6 response to b-AR stimulation is critical to blocking A MB-231BR TERBUTALINE IL-6 (pg/mL) Fig. 9 PKA inhibition does not block TERB-induced IL-6 production by MB-231BR and MB-231. MB-231BR (a, b) and MB-231 (c) were stimulated with varying concentrations of TERB and/or KT 5720. KT 5720 was added 30 min prior to addition of TERB. Supernatants were harvested 72 h after initiation of culture. Results are representative of at least two experimental repetitions for each experimental condition. By two-way ANOVA, in a and b, a main effect of TERB (P \ 0.001) was detected with no significant effects of KT 5720 or interaction between TERB and KT 5720. In c, main effects of TERB (P \ 0.001) and KT 5720 (P \ 0.001), and a significant TERB by KT 5720 interaction (P = 0.0063) were detected. Asterisks indicates significantly different versus the corresponding 0 KT 5720 group by Newman-Keuls post hoc analysis (P \ 0.05) production of this proinflammatory cytokine to inhibit tumor development.
Increased b-AR VEGF and IL-6 production is not associated with increased cellular proliferation b-AR activation did not alter MB-231 or MB-231BR proliferation in vitro. Other investigators have shown reduced MB-231 proliferation with exposure to b-AR agonists in vitro [19, 25] . In our hands, MB-231 proliferation was inhibited 10-15% at the highest concentration of ISO tested (10 lM), but this effect was not blocked by b-AR antagonists (data not shown). Carie and Sebti, utilizing an atypical b-AR agonist (ARA-211) reported reduced MB-231 proliferation in the presence of ARA-211, and this effect was blocked by a b-blocker [25] . Interestingly, ARA-211 administration in vivo strongly inhibited tumor growth, and even induced tumor regression, but the b-AR agonist ISO was much less effective. Functional differences between agonists may indicate that signal strength or spatial/temporal aspects of the cAMP response may also contribute to functional heterogeneity to b-AR stimulation in breast cancer cells.
Our inability to demonstrate increased b-AR-induced VEGF production in vitro by MB-231 was unexpected. 
Conclusions
The existence of a b-AR-driven proangiogenic pathway in tumor cells suggests that pharmacological b-AR blockade, commonly used in the treatment of cardiovascular disease, may effectively block undesirable effects of stress exposure and subsequent release of NE. In order to pursue b-AR blockade as a therapeutic option, it is important to understand the ubiquity of b-AR expression, signaling, and function in breast tumors. We have demonstrated heterogeneity in b-AR expression and signaling capacity, and only in the high b-AR-expressing cell lines did the endogenous neurotransmitter NE markedly alter VEGF and IL-6 production. Furthermore, in high b-AR expressing cell lines, differences in b-AR signaling capacity can lead to disparate functional effects, especially with regard to VEGF production. These results suggest that blocking b-AR on tumor cells may reduce stress-induced production of proangiogenic factors, but caution must be used in employing b-AR blockers. For instances, depending on b-AR density and signaling capacity, NE release may inhibit tumor cell VEGF production, and therefore b-AR blockade may increase VEGF production. Future studies will explore the response of a variety of breast cancer types to b-AR stimulation in vivo so that more accurate predictions can be made regarding responsiveness of breast tumors to b-AR stimulation and the potential impact of b-AR blockade.
